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Abstract

Objective—Gene transfer to hematopoietic stem cells has recently been demonstrated to benefit a
small number of patients in whom a selective advantage is conferred upon genetically modified cells;
however, in disorders where no such selective advantage is conferred, conditioning appears necessary
to allow adequate engraftment. To decrease the toxicity profile, we sought to develop
nonmyeloablative conditioning regimens and in this work, explored the use of intravenous busulfan
in a large animal model.

Methods—Busulfan pharmacokinetics and toxicity were monitored in young rhesus macaques at
two dosing levels (4 and 6 mg/kg). These doses were then employed to condition two animals at each
dose level prior to autologous transplantation of genetically modified cells using our standard
methods.

Results—Busulfan pharmacokinetic (PK) data showed the area under the curve (AUC), drug half-
life, and drug clearance were consistent within each dose group and similar to those reported in
children. Single doses of busulfan were well tolerated and produced dose-dependent
myelosuppression, most notably in the neutrophil and platelet counts. Although marking levels
reached over 1% early in one animal, the long-term marking was low but detectable at 0.01 to 0.001%.

Conclusions—We conclude that low-dose intravenous bolus infusion of busulfan is well tolerated,
has dose-dependent effects on peripheral blood counts, and allows long-term engraftment of
genetically modified cells, but at levels too low for most clinical disorders.

Introduction

In early clinical transplantation studies, the infusion of retrovirally transduced autologous
CD34" cells without host conditioning resulted in engraftment levels too low to provide clinical
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benefit [1-3]. Later, significant hematopoietic reconstitution and clinical success were
obtained in a clinical trial in children with X-linked severe combined immune deficiency (X-
SCID) without conditioning [4]. Several factors may have contributed to sustained correction
of the immunodeficiency [5], including improved transduction methods, high transplant cell
doses, the young age of the patients, a host environment uniquely permissive to engraftment,
and/or a proliferative advantage imbued upon the transduced cells. Certainly, the fact that
nearly all T and NK cells but only few myeloid cells harbored the yc cDNA [5] supports the
long held notion that restoration of yc expression confers a strong proliferative advantage,
permitting expansion of lymphoid progenitors despite modest engraftment of genetically
modified stem cells [6].

These results suggest that in the absence of a strong proliferative advantage at the stem or
progenitor cell level, some form of conditioning will be required to enhance engraftment at
clinically relevant levels. Indeed, stable moderate-level gene transfer to long-term repopulating
cells at 10% or higher can now be reliably achieved with optimized transduction methods, but
after myeloablative conditioning in large animals [7-12]. Such levels are not, however,
achievable with low-dose irradiation, even when doses are escalated to those approaching
myeloablative [13,14]. Furthermore, sensitivity to irradiation follows a steep dose-response
curve [15].

Based upon these observations, we sought to explore busulfan as an alternative to irradiation.
Busulfan is an alkylating chemotherapeutic agent that was initially developed for use in chronic
myelogenous leukemia because of its suppressive effect on peripheral granulocyte counts
[16,17]. Busulfan was subsequently found to exert broad myelosuppressive effects [18]; high
doses produce myeloablation and repeated doses deplete bone marrow precursors [19,20].
Busulfan soon found application as an alternative to total-body irradiation to “create space” in
conjunction with cyclophosphamide for allogeneic bone marrow transplantation [21]. Though
widely employed, erratic absorption of the oral busulfan formulation necessitated close
pharmacokinetic monitoring to achieve predictable myelosuppression [22]. More recently,
lower doses of busulfan have been employed in a number of nonmyeloablative conditioning
regimens, yet the relevancy of these approaches to autologous stem cell gene therapy is more
difficult to infer as other agents are often included in these regimens and graft-vs-host along
with host-vs-graft mechanisms significantly affect the degree of donor engraftment achieved.

We reasoned that the recent availability of an intravenous formulation of busulfan would
overcome the limitations of the oral formulation. The nonhuman primate model is useful for
the optimization of gene transfer techniques, yet little is known regarding the effects of busulfan
in this model. We therefore tested 4 and 6 mg/kg of busulfan in the rhesus macaques, to
determine the safety of intravenous bolus infusion, the pharmacokinetics, and the hematologic
toxicity. Additionally, we explored low-dose busulfan as a sole conditioning agent for the
transplantation of genetically modified cells in the rhesus competitive repopulation model.

Materials and methods

Rhesus handling

For all experiments, young rhesus macaques (2- to 4-year-old) were housed and handled in
accordance with the guidelines set by the Committee on Care and Use of Laboratory Animals
of the Institute of Laboratory Animal Resources, National Research Council. The protocol was
approved by the Animal Care and Use Committee of the National Heart, Lung, and Blood
Institute.
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Busulfan pharmacokinetics

Busulfan liquid (Orphan Medical, Minneapolis, Minnesota, USA), supplied in vials of 60 mg
at 10 mg/mL, was resuspended at a concentration of 6 mg/mL in 0.9% NacCl for a total dose
of 4 mg/kg in the animals 1 and 2 (RQ 2633, RC 902) and 6 mg/kg in animals 3 and 4 (RQ
2929, RQ 2937) and infused over 5 minutes. Blood samples were obtained just prior to and
1/2,1, 2, 3, 4, and 6 hours after the infusion, centrifuged at 2000 RPM, and plasma collected
at room temperature. Plasma busulfan levels were assayed using an HPLC method in the
laboratory of Dr. James Ritchie, Emory University. The pharmacokinetic parameters were
calculated using the WINNONLIN program (which uses a linear trapezoidal rule). To assess
for hematopoietic toxicity, peripheral blood counts were obtained at regular time points pre
and post busulfan infusion.

Peripheral blood progenitor cell harvesting, transduction, and transplantation

Animals 5, 6, 7, and 8 were treated with recombinant human stem cell factor (rhuSCF, 200 ug/
kg, Amgen, Thousand Oaks, CA, USA) and colony-stimulating factor (rhuG-CSF, 10 ug/kg,
Amgen) as daily subcutaneous injections for 5 days to collect cells to be infused back into the
same animals. The mobilized hematopoietic stem cells were harvested by apheresis on day 5.
Mononuclear cells were isolated by density-gradient centrifugation with lymphocyte
separation media (LSM, Organon Teknika, Durham, NC, USA). CD34 enrichment was
performed using Miltenyi magnetic bead selection (Miltenyi, Auburn, CA, USA). For
comparison within each animal, CD34*cells were split equally for transduction with either
G1NA, a vector for which expression of the neomycin phosphotransferase is driven by the long
terminal repeat (LTR), or PLII, a vector designed to carry but not express the neomycin
phosphotransferase by mutation of the ATG start codon to CTG. The use of the nonexpressing
PLII vector therefore serves as a negative control in the assessment of potential immune
rejection of cells expressing foreign transgenes as previously described [13,23].

Retroviral supernatant was harvested from producer cells G1Na and PLII cultured in DMEM
(Mediatech, Herndon, VA, USA) supplemented with 10% fetal calf serum (HyClone, Logan,
UT, USA), 4 mM L-glutamine, penicillin (50 mg/mL), and streptomycin (50 mg/mL) at 37°C
in 5% CO,. Fresh vector supernatant was passed through a 0.45-um filter (Nalgene Penfield,
NY) to remove cellular contamination before transduction. All transductions were carried out
on culture flasks coated with fibronectin (Retronectin, Takara, Otsu, Japan), prepared as
directed by the manufacturer. CD34* cells were transduced for 96 hours at a starting
concentration of 1 x 10° cells/mL with daily replacement of vector supernatant. The
transduction cultures were supplemented with 100 ng/mL of MDGF, 100 ng/mL rhuSCF, and
100 ng/mL rhuFIt-3 ligand (RDI, Flanders, NJ, USA). Busulfan was administered one day
prior to the day of transplant as a single intravenous bolus delivered over 5 minutes. Animals
5and 6 (RQ 2814, RC 907) received 4 mg/kg and animals 7 and 8 (RQ 2915, CF 84) received
6 mg/kg. At the end of transduction, all cells were collected from both transduction cultures
using trypsin-EDTA (Life Technologies, GIBCO BRL Grand Island, NY), washed,
resuspended in heat-inactivated autologous serum, and infused via peripheral vein into the
same animals from which they were originally mobilized and collected.

Colony-forming unit assays and gene marking analyses by real-time PCR

An aliquot of cells pre and post CD34 selection and an aliquot posttransduction from G1Na or
PLII (as applicable) were plated in MethoCult H4230 (Stem Cell Technologies, VVancouver,
BC, Canada) supplemented with 5 U/mL rhuerythropoietin (Amgen), 10 ng/ml 1L-3, 10 ng/
mL GM-CSF (Sandoz E. Hanover, NJ), and 100 ng/mL SCF at 37°C in 5% CO,. Twenty-four
colonies from each of the posttransduction samples plated were plucked and then analyzed for
the presence of the transferred gene (either G1Na or PL-II) by polymerase chain reaction
(PCR). Colony DNA was prepared as previously described [24].
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Peripheral blood and bone marrow samples were obtained at regular time points postinfusion.
Granulocytes and mononuclear cells were isolated by density-gradient centrifugation as
previously described [7]. DNA was extracted for PCR analysis using a phenol-chloroform
extraction method as previously described [12]. Quantitation of the contribution to engraftment
by genetically modified cells was performed by nested PCR for proviral DNA using vector-
specific primers. Briefly, an outer round of PCR was performed by conventional PCR with
inner PCR performed by real-time PCR with a syber green reporter [13]. Concurrently obtained
blood and marrow from nontransplanted controls as well as copy number controls diluted in
normal rhesus peripheral blood DNA were run with each PCR reaction.

Busulfan pharmacokinetics

Pharmacokinetic (PK) data were collected after a single bolus infusion of either 4 mg/kg or 6
mg/kg in two monkeys per cohort (animals #1-4). These animals did not receive genetically
modified cells. Table 1 shows the achieved maximum concentration (Cmax), the total area
under the curve (AUC), drug half-life (t 1/2), and drug clearance along with those reported in
children and adults for comparison. The PK data are concordant between the two animals within
each dose group. The animals that received 4 mg/kg had a lower Cmax and AUC, shorter half-
life, and higher drug clearance compared to animals that received 6 mg/kg.

Hematologic effects of busulfan

The effects of single-dose intravenous busulfan on blood counts are shown in Figure 1 (A-D)
and summarized in Table 2. All animals (#1-4) tolerated the infusions with emesis in only one
animal treated at the higher dose. No animal developed mucositis, neurologic symptoms,
fevers, or infections, nor did any animal require antibiotics, transfusions, or cytokines. At both
dose levels, there was modest suppression of all three cell lineages with notable decreases in
the neutrophil and platelet counts. The duration of white blood cell and platelet suppression
was significantly longer in the 6 mg/kg group. The total white blood cell counts nadired
between days 19 and 22 for both dosing groups, and recovered to baseline by day 40 for the 4
mg/kg group (Fig. 1A) and later than 55 days for the 6 mg/kg group (data not shown).
Neutrophil counts for the 4 mg/kg group remained within the normal range with an average
nadir of 0.809 x 10%/L on day 19 (Fig. 1B). On the other hand, neutrophil counts for the 6 mg/
kg group were below 0.76 x 10%/L (the lower limit of normal for our animals) for more than
25 days, below 0.5 x 10%/L for 13 days with a nadir of 0.317 x 10%L (Fig. 1B), and required
more than 55 days to recover to the normal range (data not shown). The lymphocyte counts
were largely unaffected at either dose level (Fig. 1C). Total hemoglobin decreased during the
first 10 days, and slowly recovered to near normal by day 40 for both dose groups (data not
shown). For the 4 and 6 mg/kg groups, platelet counts were below 268 x 109/L (the lower limit
of normal for our animals) for 6 and 14 days, and recovered by day 22 and 28, respectively
(Fig. 1D).

In vivo marking using busulfan

Two additional pairs of animals (animals #5-8) were conditioned with either 4 or 6 mg/kg
intravenous busulfan followed by transplantation of autologous peripheral blood CD34* cells
split for transduction with two retroviral vectors (G1Na and PLII) carrying a neomycin
resistance gene. The characteristics of the transplant grafts are summarized in Table 3. Gene
marking levels as measured by real-time PCR in the two groups of animals are shown in Figure
2 (A and B). The apheresis product from each animal was sufficient, ranging from 0.86 to 2.27
x 109 nucleated cells per kilogram. After CD34 selection, CFU were enriched by 143-fold to
400-fold. Transduction efficiency, determined by analyses of individual CFU posttransduction,
ranged from 65 to 83% for the 4 mg/kg group and 10 to 50% for 6 mg/kg group. One animal
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conditioned with busulfan 4 mg/kg (animal 5, RQ 2814) received only cells transduced with

G1Na due to technical difficulties with the PLII producer cell line at the time of transduction.
The other 3 animals received cells transduced with both G1Na and PL Il. The total number of
nucleated cells infused was adequate, ranging from 1.62 to 10.2 x 106 cells per kilogram per
animal. No animal developed mucositis or neurologic symptoms, or required transfusions or

antibiotics.

The average level of marking from the G1Na-transduced fraction in the 4 mg/kg group (animals
5 and 6) at 8 to 20 weeks posttransplant reached greater than 3% of peripheral blood
granulocytes and mononuclear cells, but subsequently declined to 0.01 to 0.001% by 28 weeks.
The average PL-1l1 marking in the 4 mg/kg group was 0.001% for the first 12 weeks, increased
t0 0.1%, and decreased to 0.001% by 28 weeks. For the 6 mg/kg group (animals 7 and 8), both
G1Na and PL Il marking approached 1% at 2 weeks, but quickly decreased to and remained
near 0.01 to 0.02% by 40 weeks. There was no difference between the contributions of cells
transduced with G1Na or PL-II in the 6 mg/kg group.

Discussion

To develop an alternative to irradiation for conditioning in the context of transplantation of
genetically modified autologous stem cells, we initiated a pharmacokinetic and toxicity study
to evaluate intravenous busulfan in the nonhuman primate model. We first demonstrated that
asingle intravenous bolus (over 5 minutes) infusion of busulfan at 4 or 6 mg/kg is well tolerated
and produces reliable pharmacokinetic (PK) data. In animals treated at the 4 mg/kg level, the
mean AUC, drug half-life, and drug clearance are similar to those reported in children receiving
busulfan as a part of their conditioning regimen for malignant diseases (summarized in Table
1) [25,26]. While the dosing schedule in our animals (4 mg/kg once daily) differs from that
reported in children (0.8 mg/kg every 6 hours for 12-16 doses), similarity in pharmacokinetic
data indicates concordance between the young nonhuman primates employed in our study and
children. Similar PK data, with the exception of peak plasma concentration, and a low side
effect profile was recently documented in children receiving once-daily oral busulfan (4 mg/
kg) as part of the preparative regimen for autologous or allogeneic transplantation for acute
leukemia [27]. This report and our PK data in rhesus macaques suggest that once-daily
intravenous busulfan may be a safe alternative to the current dosing schedule and validate the
rhesus macaque as an attractive model for further studies of busulfan conditioning.

On the other hand, adults treated with intravenous busulfan (3.2 mg/kg once daily) [28,29]
achieve a higher AUC, lower drug clearance, and longer t 1/2 compared to children or our
animals. While AUC greater than 1500 uM/min was initially reported to correlate oral busulfan
dosing with the development of hepatic veno-occlusive disease (HVOD) [30], recent reports
have demonstrated low incidence of HVOD [31] with intravenous busulfan despite AUC
greater than 3000 uM/min [28,29,32]. These findings indicate busulfan given intravenously
once daily has low toxicity, and reinforce that the etiology of HVOD is multifactorial, including
existing abnormal hepatic function, previous chemotherapy for malignant disease, and
concurrent administration of cyclophosphamide or progesterone [32].

In our animals, busulfan at 4 or 6 mg/kg produced transient myelosuppression, most notably
in the granulocyte lineage. While there were no fevers or infections, a prolonged period of
neutropenia in the 6 mg/kg group, 13 days of less than 0.5 k/uL and more than 55 days of less
than 0.76 k/uL (our lower normal range), was observed and is a potential concern when
considering dosing greater than 6 mg/kg/day, especially in the context of transplantation for
nonmalignant diseases. Additionally, differing degrees of myelosuppression have been
reported after treatment with similar doses of intravenous busulfan in preclinical animal
models. The lethal dose for mice is 150 mg/kg [33], while in rats it is 35 mg/kg [20]. In dogs,
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20 mg/kg delivered as 4 equally divided doses produced myeloablation [34]. These differences
emphasize the need for both PK and toxicity monitoring in studies using intravenous busulfan
conditioning to allow the comparison of results obtained with respect to drug exposure.
Furthermore, while our animals had no profound granulocytopenia or lymphopenia, 4 mg/kg
busulfan was recently reported to reduce hematopoietic clones contributing to granulocytes
and lymphocytes by as much as 60 to 80% in the first 3 to 4 months [35]. This observation
supports that busulfan, even at 4 mg/kg intravenously, produces significant myelosuppression.

When animals were transplanted with genetically modified cells after conditioning with the 4
or 6 mg/kg dosing level, long-term marking, albeit low-level, was observed. PL-I1, a neomycin
nonexpression vector, and G1Na, a standard neomycin expression vector, were used to
compare the in vivo marking after conditioning with low-dose busulfan as an indirect measure
of the potential immune rejection of neo-expressing cells. Marking was similar from the neo-
expression and nonexpression vector—transduced fractions, suggesting that immune rejection
did not play a role in the low-level marking observed following low-intensity conditioning.
The low-level engraftment seen is similar to our prior report after low-dose irradiation [13],
and contrasts with those obtained after myeloablative conditioning using nearly identical cell
doses, conditions, and vectors [8,36—38]. Additionally, we previously demonstrated only
transient marking (weeks) in nonconditioned recipients of cells transduced with the neomycin
expressing vector, G1Na [23]. These collective observations suggest that the degree of
conditioning is an important factor in determining the level of engraftment attainable. While
transduction efficiency assessed at the level of CFU pretransplantation was variable among
animals, CFU transduction efficiency does not correlate with engraftment, even after
myeloablation. Indeed, terminal differentiation of hematopoietic stem cells during the ex vivo
culture may have impacted upon their ability to engraft. However, our prior work demonstrates
that the current culture conditions employed have proven reliable in attaining high-level, long-
term engraftment [8,12,37,39], even after more prolonged ex vivo culture [40].

One alternative strategy to improve engraftment is to use very high doses of hematopoietic
stem cells. Indeed, engraftment in murine hosts can be achieved without conditioning [41-
44], yet levels approaching those expected to yield clinical benefit require bone marrow doses
that are not yet clinically feasible [45,46]. The doses of CD34* cells collected in the animals
in this study ranged from 2.3 to 11.4 x 106 CD34* cells/kg, and are well within the currently
achievable range for human transplantation studies using mobilized peripheral blood [47].
Attempts to expand hematopoietic stem cells have sought to address this limitation, but have
not yet produced reliable results. Our own experience with ex vivo—expanded peripheral blood
CD34" cells in the rhesus macaque competitive repopulation model demonstrates at best only
maintenance of repopulating ability during prolonged ex vivo expansion [7,48]. Additionally,
increasing the stem cell dose to very high levels could theoretically increase the risk of
insertional oncogenesis [49].

In children with adenosine deaminase—deficient severe combined immunodeficiency (ADA-
SCID), 4 mg/kg of busulfan was administered intravenously in divided doses prior to the
infusion of retrovirally transduced hematopoietic stem cells [50]. Though a selective advantage
conferred upon T cells likely contributed to the correction of the immunodeficiency, more than
5% of circulating granulocytes also contained the therapeutic vector over the first year in one
of the two patients. These results suggest that the marrow of children with ADA-SCID may
be more sensitive to the effects of busulfan, or alternatively, that the divided dosing schedule
produced greater myelosuppression and allowed the higher level of engraftment. Indeed, a
higher degree of myelosuppression was reported, with a neutrophil nadir of 0.150 x10%/L and
0.400 x10%/L reported in the two treated children. Additionally, the high-level contribution to
myeloid cells was reported in the patient with the higher degree of myelosuppression. In
disorders such as thalassemia and sickle cell anemia that have long been the target of
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hematopoietic stem cell gene transfer techniques, recent progress in vector development has
reinvigorated interest in clinical application [51-55]. Certainly, less than full engraftment by
genetically modified cells might be sufficient to correct the phenotype as recipients of
allogeneic bone marrow from unaffected siblings have experienced disease amelioration with
white blood cell chimerism levels as low as 11% [56]. However, transplantation studies in
murine models of sickle cell disease suggest that this apparent advantage favoring erythroid
correction reflects enhanced survival of normal red blood cells rather than enhanced
engraftment or proliferation of erythroid progenitors [57,58]. Interestingly, red cell chimerism
was markedly improved in one study by the administration of busulfan at nonmyeloablative
doses [57]. These results again reinforce the concept that some form of conditioning will be
required for the severe hemoglobinopathies as for all disorders in which there is no proliferative
advantage in the genetically corrected cells.

We therefore conclude that single-bolus infusion of low-dose busulfan is well tolerated in the
rhesus macaque model, produces modest myelosuppression, and allows low-level engraftment
of genetically modified cells. Importantly, our results demonstrate a high degree of correlation
between the rhesus macaque model and humans with respect to both busulfan pharmacokinetics
and hematologic toxicity. Busulfan doses of greater than 6 mg/kg/day thus warrant exploration
and further dose escalation studies in the nonhuman primate are ongoing in order to determine
a drug exposure level that will allow sufficient engraftment of genetically modified cells at an
acceptable level of toxicity with the eventual goal of application to transplantation of
genetically modified cells in the context of nonmalignant disorders.
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Figure 1.
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Effect of busulfan on total white blood cell count (A), neutrophil count (B), lymphocyte count
(C), and platelet count (D). Each data point represents an averaged value from the two animals
at each dose (animals 1 and 2 at 4 mg/kg; animals 3 and 4 at 6 mg/kg). These animals did not
receive genetically modified cells.
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Figure 2.

Percent gene marking in peripheral blood granulocytes in animals conditioned with busulfan
at 4 mg/kg (A), in animals 5 and 6; and 6 mg/kg (B), in animals 7 and 8. Each data point
represents an averaged value from the two animals for each vector. The lowest level of detection

by quantitative real-time PCR is 1073,
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Summary of hematologic effects of busulfan

Table 2
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Busulfan 4 mg/kg

Busulfan 6 mg/kg

Total white blood cells (normal 3.8-12.2 * 10%/L)

Nadir

Total days <3.8

Days needed to reach >3.8
Neutrophils (normal 0.76-6.8 * 10%/L)

Nadir

Total days <0.76

Days needed to reach >0.76
Platelets (normal 268-507 * 10%/L)

Nadir

Total days <268

Days needed to reach >268

2.87 (day 20)
4
23

0.809 (day 19)
0
0

240 (day 16)
6
22

2.94 (day 20)
16
31

0.317 (day 21)
25+

more than 55

132 (day 16)
14
28

Data are composite from two animals at each dose group.
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Normal ranges in parentheses are determined from other healthy rhesus macaques at our facility.
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